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[57] ABSTRACT 
A ?rst polysilicon ?lm serving as an erase gate is depos 
ited on the major surface of a semiconductor substrate 
on which a ?eld oxide ?lm is formed, so that the surface 
of the ?rst polysilicon ?lm is roughened. The surface of ' 
the ?rst polysilicon ?lm is thermally oxidized to form a 
?rst thermal oxide ?lm thereon. During the oxidation, 
the roughened surface of the ?rst polysilicon ?lm is 
?attened, and is duplicated by the surface of the ?rst 
thermal oxide ?lm. A second polysilicon ?lm is depos 
ited on the roughened surface of the ?rst thermal oxide 
?lm. The back surface of the second polysilicon ?lm is 
roughened by the roughened surface of the ?rst thermal 
oxide ?lm. In this case, the surface of the second 
polysilicon ?lm is also roughened. The roughened sur 
face of the second polysilicon ?lm is thermally oxidized 
in the same manner as described above to ?atten its 
surface and to form a second thermal oxide ?lm, the 
surface of which is roughened. A third polysilicon ?lm 
serving as a write gate is formed on the second thermal 
oxide ?lm. ‘ 

23 Claims, 5 Drawing Sheets 
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METHOD OF MAKING A NONVOLATILE 
SEMICONDUCTOR MEMORY APPARATUS WITH 

‘A FLOATING GATE 

This is a continuation of application Ser. No. 
07/210,509, ?led June 23, 1988 now abandoned; 

BACKGROUND OF THE INVENTION 

The present invention relates to a nonvolatile semi 
conductor memory apparatus capable of writing and 
erasing data and a method of manufacturing it and, 
more particularly, to a nonvolatile semiconductor mem 
ory apparatus in which a tunnel current flows through 
an insulating ?lm comprising a relatively thick (400 to 
2,000 angstroms) oxide ?lm and charges are injected 
into a ?oating gate to write or erase data utilizing a 
phenomenon wherein an electric ?eld tends to be con 
centrated on a roughened portion formed on the surface 
of a polycrystalline silicon (polysilicon) ?lm, and a 
method of manufacturing it. 

In the manufacture of a nonvolatile memory appara 
tus, when a polysilicon ?lm to be used as a floating gate 
or a writing gate is formed, a roughened portion is 
formed on the surface of the polysilicon ?lm. This is 
done to prepare a nonvolatile memory, i.e., an EE 
PROM. In such a memory, a predetermined voltage is 
applied to the polysilicon ?lm portion to cause an elec 
tric ?eld concentration phenomenon on the roughened 
portion, and even when a relatively thick (e.g., 800 
angstroms) oxide ?lm is formed as an electron discharge 
source, a tunnel current is ?owed through the oxide 
?lm to electrically control erase and write operations. 
However, in order to control the shape of the rough 

ened portion on the surface of the polysilicon ?lm, 
deposition conditions (e.g., a deposition temperature, a 
deposition rate, and the like) must be optimally set dur 
ing a polysilicon deposition step. In addition, when 
oxidation conditions (e.g., an oxidation temperature, an 
oxidation atmosphere, and the like) are set during an 
oxidation step following the deposition step, a strict 
control operation is necessary. Therefore, when the 
roughened portion is formed on the surface of the 
polysilicon ?lm, it is difficult to control its shape, and 
the resultant roughened shape often does not corre 
spond to the target shape, thus impairing the reliability 
of the semiconductor memory apparatus. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
nonvolatile semiconductor memory apparatus in which 
charges are injected into a ?oating gate upon use of 
electric ?eld concentration on a roughened portion 
formed on the surface of a polysilicon ?lm, and a 
method of manufacturing it. 

It is another object of the present invention to pro 
vide a highly reliable, nonvolatile semiconductor mem 
ory apparatus in which a roughened portion for concen 
trating an electric ?eld thereon can be formed during a 
deposition step of a polysilicon ?lm, without intention 
ally forming it on the surface of the polysilicon ?lm, and 
a method of manufacturing it. 

It is still another object of the present invention to 
provide a semiconductor memory apparatus which can 
effectively use a roughened portion on the surface of a 
polysilicon ?lm after the deposition step thereof, and a 
method of manufacturing it. 

10 

45 

50 

55 

65 

2 
With the nonvolatile semiconductor memory appara 

tus according to the present invention, a roughened 
portion is not intentionally formed on the polysilicon 
?lm after the surface of the polysilicon ?lm is oxidized, 
but a roughened portion formed immediately after the 
deposition step of the polysilicon ?lm is utilized. The 
shape of this roughened portion is determined only by 
deposition conditions of the polysilicon ?lm, and can be 
relatively easily controlled with high precision. When 
the thus deposited polysilicon ?lm is thermally oxidized 
at a temperature higher than the predetermined temper 
ature, the shape of the roughened portion formed on the 
surface of the polysilicon ?lm can be duplicated by 
thermally oxidizing a ?lm formed during a thermal 
oxidation step. The present inventors found that the 
surface of the polysilicon ?lm is recrystallized to be 
substantially ?attened, thus preventing an electric field 
concentration phenomenon on this portion. 
A new polysilicon ?lm is formed on the surface of the 

thermal oxide ?lm on which the roughened portion is 
formed. The surface portion of the new polysilicon ?lm, 
which is in contact with the thermal oxide ?lm, dupli 
cates the roughened shape of the surface of the thermal 
oxide ?lm. In this way, the roughened portion for con 
centrating the electric ?eld can be formed on the sur 
face of the new polysilicon ?lm. 
More speci?cally, the roughened portion formed 

during the deposition step of the ?rst polysilicon ?lm 
can be duplicated by the new polysilicon ?lm. There 
fore, it is easy to obtain a structure which can easily 
concentrate an electric ?eld only on the roughened 
portion of the new polysilicon ?lm, so that unidirec 
tional electrons or charges easily ?ow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a sectional view of one memory section of 
a nonvolatile semiconductor memory apparatus accord 
ing to an embodiment of the present invention; 
FIG. 2 is a sectional view taken along line II—II in 

FIG. 1; 
FIGS. 3 and 4 are sectional views for respectively 

explaining the write and erase operations in the semi 
conductor memory apparatus shown in FIG. 1; 
FIGS. 5A to 5D are sectional views for sequentially 

explaining the steps in the manufacture of the semicon 
ductor memory apparatus shown in FIG. 1; 
FIG. 6 is a graph showing conditions for ?attening 

the surface of a polysilicon ?lm after thermal oxidation 
in the manufacture of the semiconductor memory appa 
ratus; 
FIG. 7 is a graph showing the relationship between 

oxidation temperature T and effective barrier height in 
relation to a given phosphorus concentration in a spe 
ci?c polysilicon ?lm; 
FIGS. 8A and 8B are diagrams for explaining elec 

tron injection conditions corresponding to characteris 
tics A and B shown in FIG. 7; and 
FIGS. 9A to 9C are photographs showing the rough 

ened surface state of the polysilicon ?lm in the manufac 
ture of the semiconductor memory apparatus according 
to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

A nonvolatile semiconductor memory apparatus of 
the present invention comprises, e. g;, an EPROM or an 
EEPROM. In this embodiment, the EEPROM will be 

- exempli?ed. FIGS. 1 and 2 show a memory cell portion 



5,017,505 
3 

of the EEPROM, and exemplify a structure where a 
write gate for the memory cell is formed on a semicon 
ductor substrate. Of course, the present invention can 
be applied to a semiconductor apparatus of a structure 
which uses a breakdown phenomenon inside the semi 
conductor substrate or channel hot electrons as a write 
means. 

In this memory apparatus, semiconductor substrate 
, 11 comprises a p—-type silicon substrate having a resis 
tivity of 5 to 20 ?-cm and orientation of (100). 1.0 pm 
thick ?eld oxide ?lm 12 is formed on the surface of 
substrate 11 using a selective oxidation technique. First 
polysilicon ?lm 13 serving as an erase gate is formed on 
the surface portion of ?eld oxide ?lm 12, and ?rst ther 
mal oxide ?lm 14 is formed on ?lm 13. Second polysili 
con ?lm 15 serving as a ?oating gate is deposited on a 
portion of ?lm 14 and on ?lm 12. 
Second thermal oxide ?lm 16 is formed on the surface 

of ?lm 15, and third polysilicon ?lm 17 serving as an 
electron injection gate is selectively formed on a por 
tion of ?lm 16 and on ?lm 12. Reference numeral 18 
denotes an insulating protective ?lm of silicon oxide 
(S102) formed by the CVD method. 

In ?eld oxide ?lm 12, portion 121 corresponding to 
n+-type source region 19 and drain region 20 of a MOS 
transistor formed on semiconductor substrate 11 is 
formed to be thin. Contact electrodes 21 and 22 are 
formed on the surface portions of substrate 11 to corre 
spond to source and drain regions 19 and 20. In addi 
tion, erase electrode 23 is formed to correspond to ?rst 
polysilicon ?lm 13, and charge injection gate electrode 
24 is formed to correspond to third polysilicon ?lm 17. 
Note that in FIGS. 1 and 2, metal wiring layers are 
omitted. 
The surfaces of ?rst and second thermal oxide ?lms 

14 and 16 are roughened, as shown in FIGS. 1 and 2. 
The roughened portions are formed by duplicating the 
roughened portions formed on the surfaces of polysili 
con ?lms 13 and 15 when they are deposited. In this 
way, since second and third polysilicon ?lms 15 and 17 
are formed on ?rst and second thermal oxide ?lms 14 
and 16 having the roughened portions, respectively, 
roughened portions corresponding to those formed on 
oxide ?lms 14 and 16 are respectively formed on the 
back surface portions of ?lms 15 and 17. 
During write and erase operations performed by 

injecting electrons to second polysilicon ?lm 15 serving 
as the ?oating gate, suf?cient electric ?eld concentra 
tion occurs on the roughened surface portions formed 
on the back surface portions of ?lms 17 and 15. There 
fore, even if a relatively thick oxide ?lm is formed, the 
write and erase operations are enabled. 

In contrast to this, the surface portions of ?lms 13 and 
15 are substantially ?attened. For this reason, almost no 
electric ?eld concentration occurs on the surface por 
tions of ?lms 13 and 15, and electrons ?ow in a reverse 
direction. 
FIG. 3 shows a write operation state of the EB 

PROM. In the write mode shown in FIG. 3, third 
polysilicon ?lm 17 serving as the electron injection gate 
is connected to a ground potential (V 3:0), and semi 
conductor substrate 11 is connected to a high potential 
e.g., V1: 10 V). First polysilicon ?lm 13 serving as the 
erase gate is connected to a medium potential (e.g., 
V2=5 V). More speci?cally, the relation V1 >V2>V3 
is obtained, and the electric ?eld is concentrated on the 
roughened portions of third polysilicon ?lm 17, so that 
electrons are injected to the second polysilicon ?lm 15 
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4 
side serving as the ?oating gate, thus allowing the 
charge write operation. 
FIG. 4 shows an erase operation state of the EE 

PROM. In the erase mode, third polysilicon ?lm 17 is 
connected to a medium potential (e.g., V3=5 V), and 
semiconductor substrate 11 is connected to a ground 
potential (V 1=0). In addition, ?rst polysilicon ?lm 13 is 
connected to a high potential (e.g., V2: 10 V). Thus, 
the relation V2>V3>V1 is obtained, so that the elec 
tric ?eld is concentrated on the roughened portions of 
second polysilicon film 15. In this state, electrons ?ow 
to the ?rst polysilicon ?lm 13 side, and the charges held 
therein are erased. 
The method of manufacturing this nonvolatile semi 

conductor memory apparatus will now be described. 
First, as shown in FIG. 5A, 1.0 pm thick ?eld oxide ?lm 
12 is formed on the surface of p--type silicon substrate 
11 using a selective oxidation technique. Then, a 
polysilicon ?lm is deposited by the LPCVD method on 
the entire surface of substrate 11, not at high tempera 
ture but in an atmosphere at a temperature of, prefera 
bly, 550° to 650° C. (in this embodiment, 610° C) under 
the flow of silane (SiH4) gas and phosphine (PI-I3) gas. 
This is to prevent crystal particles in the deposited 
polysilicon ?lm from being recrystallized and grown 
during the deposition. In addition, this is to maintain the 
roughened portions formed on the surface of the 
polysilicon ?lm during the deposition as much as possi 
ble. 
The deposited polysilicon ?lm is selectively etched 

using a predetermined pattern to form ?rst polysilicon 
?lm 13. 
Note that the phosphorus concentration in polysili 

con ?lm 13 is 1X 1020 to 7 X 1020 cmr3, and is preferably 
3 X 1020 to 6X1020 cm-3 taking the oxidation tempera 
ture into consideration (FIG. 6). The shape of the 
roughened portions formed on the surface of the depos 
ited polysilicon ?lm can be accurately determined 
under the above-‘mentioned temperature control. 

After ?rst polysilicon ?lm 13 is formed, the thin por 
tion of oxide ?lm 12 except for the ?eld portion is re 
moved by etching to locally expose the surface of sub 
strate 11. Then, oxidation is performed in an atmo 
sphere of dry 02 gas or the same containing HCl at a 
temperature of 900° to 1,300“ C. and, preferably, 1,000° 
to 1,200° C., so that new oxide ?lm 121 of a thickness of 
400 to 1,500 angstroms is formed as shown in FIG. 5B. 
In this case, oxidation can be performed by a heating 
means (e.g., a halogen lamp) using a quick oxidation 
technique for ten seconds to several minutes within a 
temperature range of 1,150” to 1,300° C. 

In this way, ?rst thermal oxide ?lm 14 is formed on 
the surface of ?rst polysilicon ?lm 13. First thermal 
oxide ?lm 14 duplicates the surface state (roughened 
state) formed when polysilicon for ?lm 13 is deposited. 
The roughened portion is formed on the surface of 
thermal oxide ?lm 14. However, it was found that the 
surface of polysilicon ?lm 13 is virtually ?attened since 
re-crystallization of polysilicon occurs during the ther 
mal oxidation to increase the crystal particle size. 
From the test results of the present inventors, as 

shown in FIG. 6, the surface ?attening phenomenon of 
?rst polysilicon ?lm 13 was observed in a hatched re 
gion above the boundary indicated by characteristic 
curve a, using phosphorus concentration Qp and oxida 
tion temperature T as parameters. 

Conditions for causing the surface ?attening phenom 
enon were found to be as follows. The phosphorus 
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concentration in the polysilicon ?lm must fall within the 
range of 1x 1020 to 7X 1020 cm-3 and, preferably, 
3 X 1020 to 6X 1020 cm'3, and the oxidation temperature 
must fall within the range of 900°‘ to l,300° C. and, 
preferably 1,000’ to 1,200’ C. 
A determination method of the boundary indicated 

by characteristic curve a in FIG. 6 will be explained 
with reference to FIG. 7. FIG. 7 exempli?es the rela 
tionship between oxidation temperature T and effective 
barrier height ¢B when the phosphorus concentrations 
in th; polysilicon ?lm are 4.1 X 1020 cm-3 and 5X 1020 
cm- . 

Note that barrier height ¢B indicates the level of an I 
effective energy barrier between the polysilicon ?lm 
and the insulating ?lm, i.e., dif?culty of injection when 
electrons or charges are injected from one polysilicon 
?lm to the other polysilicon ?lm through the insulating 
?lm, as shown in FIGS. 8A and 8B. This also serves as 
a parameter indicating the level of electric ?eld concen 
tration on the polysilicon ?lm surface, i.e., the ?atness 
of the ?lm surface. - 

Characteristic curve A in FIG. 7 indicates the diffi 
culty of electron injection from second polysilicon ?lm 
15 having the roughened portion to ?rst polysilicon ?lm 
13 through ?rst thermal oxide ?lm 14, as shown in FIG. 
8A. Characteristic curve B indicates the difficulty of 
electron injection from ?rst polysilicon ?lm 13 to sec 
ond polysilicon ?lm 15 through thermal oxide ?lm 14, 
as shown in FIG. 8B. 

'- As can be seen from FIG. 7, in the state indicated by 
characteristic curve A, even if the oxidation tempera 
ture varied widely (in this case, within the range of 
1,000“ to 1,200‘ C.), barrier height 4>B was stable. From 
another test result, even if phosphorus concentration in 
the polysilicon ?lm was changed, substantially uniform 
barrier height qbB could be obtained. ' 

In contrast to this, in the state. indicated by character 
istic curve B, when oxidation temperature T was below 
l,lO0° C., barrier height ¢B was gradually decreased. 
However, when phosphorus concentration Qp was 
increased, as indicated by characteristic curve C, stable 
barrier height ¢B could be obtained at lower oxidation 
temperature T (in this case, about l,000° C.). 

In order to improve the electron (or charge) write 
and erase characteristics of the above-mentioned semi 
conductor apparatus, a difference between characteris 
tic curves A and B respectively corresponding to the 
write and erase operations shown in FIG. 7 is prefera 
bly increased and, more preferably, difference AqbB 
exceeds 0.5. 
Note that oxidation temperature T exceeding l,300° 

C. is undesirable since high-precision control is dif?cult. 
When phosphorus concentration Qp is set below 
1X 1020 cm-3, the surface ?attening phenomenon is 
interfered therewith, as shown in FIG. 6. When phos 
phorus concentration Qp exceeds 7X 1020 cm—3, a large 
amount of phosphorus enters the insulating ?lm, thus 
degrading the ?lm quality and changing its characteris 
tics. 
FIGS. 9A to 9C are photographs showing the surface 

conditions of ?rst polysilicon ?lm 13. FIG. 9A shows 
the surface condition of ?lm 13 immediately after 
polysilicon deposition. FIG. 9B shows the surface con 
dition of thermal oxide ?lm 14 after ?lm 14 is formed on 
the surface of film 13. In FIG. 9B, the roughened shape 
of ?lm 13 shown in FIG. 9A is duplicated by the surface 
of ?lm 14. FIG. 9C shows the surface condition of ?lm 

25 

30 

35 

40 

6 
13 after ?lm 14 is formed. After ?lm 14 is formed, the 
surface of ?lm 13 is ?attened. 
More speci?cally, the surface shape of ?lm 13 imme 

diately after polysilicon deposition and that of ?lm 14 
represent substantially the same roughened shape (parti 
cle shape). In contrast to this, the surface of ?lm 13 after 
?lm 14 is formed has an increased crystal particle size 
and is thereby suf?ciently ?attened. 

Next, as shown in FIG. 5C, second polysilicon ?lm 
15 is selectively formed on oxide ?lms 121 and 12 and 
on a portion of ?rst thermal oxide ?lm 14. The resultant 
structure is then oxidized to form second thermal oxide 
?lm 16 on ?lm 15. As shown in FIG. 5D, third polysili 
con ?lm 17 is then selectively formed on ?eld oxide ?lm 
12 and on a portion of second thermal oxide ?lm 16. 
Thereafter, insulating ?lm 18 of, e.g., CVD-SiOz is 
formed on the entire surface of the substrate as the 
insulating protective ?lm. 
Note that in the above descriptions, the source and 

drain regions of a MOS transistor, metal wiring layers, 
electrode contact portions, and the like are omitted for 
the sake of simplicity. 

In the above embodiment, phosphorus is doped in 
polysilicon. However, an impurity doped in polysilicon 
is not limited to phosphorus, but can also be arsenic. 
During polysilicon deposition, phosphorus is doped in 
the polysilicon ?lm under the flow of phosphine (PI-I3) 
gas. Alternatively, after a non-doped polysilicon ?lm 
with a given roughened surface is deposited, an impu 
rity (e.g., phosphorus) can be doped in the polysilicon 
?lm by ion-implantation. . 

In the above embodiment, charge injection and erase 
gates are formed of polysilicon. However, they can 
comprise amorphous materials (e.g., silicides, high 
melting point metals, and the like). 
As set out above, ?rst and second polysilicon ?lms 13 

and 15 are deposited by the low-pressure CVD method 
in a temperature atmosphere of 550° to 650° C. That is, 
the deposited polysilicon is crystallized with this sur 
face roughened. However, the means for forming the 
rough-surfaced polysilicon ?lm is not restricted to the 
aforementioned polysilicon ?lm depositing means using 
such a temperature atmosphere. The polysilicon ?lm 
may also be deposited by the following method. 
That is, an amorphous silicon ?lm (a ?lm in the amor 

- phous state) is formed, while ?owing a phosphine in a 

50 
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lower-temperature atmosphere of about 530° to 560° C., 
to obtain a phosphorus concentration of about 
“4X 1020” in which case a smooth silicon ?lm surface is 
obtained. This smooth-surfaced polysilicon ?lm is plas 
ma-etched in a CF; gas dominant atmosphere for a brief 
period of time to the extent of, for example, several tens 
to several hundreds of angstroms to obtain a rough-sur 
faced polysilicon ?lm. Thereafter, the thermal oxidation 
step may be performed in the same way as mentioned 
above to obtain ?rst and second rough-surfaced thermal 
oxide ?lms 14 and 15. 
Where such polysilicon ?lm is to be formed by the 

low-pressure CVD method, an amorphous polysilicon 
is deposited in the temperature atmosphere of 530° to 
560° C. to obtain a smooth surface. In an atmosphere 
ranging from that temperature to below about 650° C. a 
greater number of roughened portions are formed on 
the resultant surface of a deposited polysilicon ?lm due 
to the crystallization of silicon. In an atmosphere of 
above 650° C., polysilicon crystals thus deposited have 
a large diameter, and the layer of polysilicon has a 
gently curving surface. 
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What is claimed is: 
1. A method of manufacturing a semiconductor mem 

ory apparatus including an erase gate and a ?oating 
gate, comprising the steps of: » . 

(a) forming a ?rst polysilicon ?lm, as an erase gate, so 
that the surface of the ?rst polysilicon ?lm is 
rough; 

(b) thermally treating said ?rst polysilicon ?lm in an 
oxidation atmosphere at a temperature of 900° to 
l,300° C. to form an oxide ?lm on said rough sur 
face of said ?rst polysilicon ?lm, such that the 
roughness of the surface of said ?rst polysilicon 
?lm in step (a) is substantially duplicated on the 
surface of the oxide ?lm and such that the surface 
of said ?rst polysilicon ?lm is substantially ?at 
tened; and 

(c) forming a second polysilicon ?lm, as the floating 
gate, on at least a portion of the rough surface of 
said oxide film such that the surface of said second 
polysilicon ?lm contacting said portion of the 
oxide ?lm is deposited with a roughness corre 
sponding to the roughness of said surface of said 
oxide ?lm; 

wherein said ?rst polysilicon ?lm comprises‘polysili 
con containing an impurity in the group of phos 
phorus and arsenic in a concentration of l X 1020 to 
7 X 1020 atoms/cm—3. 

2. The method of claim 1, wherein step (a) involves 
low-pressure CVD deposition of the ?rst polysilicon 
?lm at a temperature of 550° to 650° C. 

3. The method of claim 1, wherein step (a) comprises 
the steps of: 

forming a smooth amorphous silicon ?lm; and 
plasma etching said smooth ?lm to obtain a rough 

surfaced polysilicon ?lm. 
4. The method of claim 1, wherein step (b) is per 

formed in an atmosphere of dry 02 containing HCl and 
wherein said oxide layer is 400 to 1500 angstroms thick. 

5. A method of manufacturing a semiconductor mem 
ory apparatus including a ?oating gate and an injection 
gate, comprising the steps of: 

(a) forming a ?rst polysilicon ?lm, as the floating 
gate, so that the surface of the ?rst polysilicon ?lm 
is rough; 

(b) thermally treating said ?rst polysilicon ?lm in an 
oxidation atmosphere at a temperature of 900° to 
1,300° C. to form an oxide ?lm on said rough sur 
face of said ?rst polysilicon ?lm, such that the 
roughness of the surface of said ?rst polysilicon 
?lm in step (a) is substantially duplicated on the 
surface of the oxide ?lm and such that the surface 
of said ?rst polysilicon ?lm is substantially ?at 
tened; and . 

(c) forming a second polysilicon ?lm, as the injection 
gate, on at least a portion of the rough surface of 
said oxide ?lm such that the surface of said second 
polysilicon ?lm contacting said portion of the 
oxide ?lm is deposited with a roughness corre 
sponding to the roughness of said surface of said 
oxide ?lm; 

wherein said ?rst polysilicon ?lm comprises polysili 
con containing an impurity in the group of phos 
phorus and arsenic in a concentration of 1X 1020 to 
7 X 1020 atoms/cm-3. 

6. The method of claim 5, wherein step (a) involves 
low-pressure CVD deposition of the ?rst polysilicon 
?lm at a temperature of 550° to 650° C. 
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7. The method of claim 5, wherein step (a) comprises 

the steps of: 
forming a smooth amorphous silicon ?lm; and 
plasma etching said smooth ?lm to obtain a rough 

surfaced polysilicon ?lm. 
8. The method of claim 5, wherein step (b) is per 

formed in an atmosphere of dry 02 containing HCl and 
wherein said oxide layer is 400 to 1500 angstroms thick. 

9. A method of manufacturing a nonvolatile semicon 
ductor memory apparatus capable of writing and eras 
ing data, comprising the steps of: 

forming a ?rst polysilicon ?lm, as a ?rst gate, on the 
surface of a semiconductor substrate so that the 
surface thereof is rough; 

thermally treating said ?rst polysilicon ?lm formed in 
the previous step in an oxidation atmosphere at a 
temperature of 900° to l,300° C., to form a ?rst 
thermal oxide ?lm on the surface of said ?rst 
polysilicon ?lm, such that the surface of said ?rst 
polysilicon ?lm is ?attened and the surface of said 
?rst thermal oxide ?lm is roughened in accordance 
with the roughness of the surface of said ?rst 
polysilicon ?lm; 

forming a second polysilicon ?lm, as a second gate 
which functions as a ?oating gate, on at least a 
portion of the surface of said ?rst thermal oxide 
?lm, such that a back surface portion of said second 
polysilicon ?lm contacting said ?rst thermal oxide 
?lm is deposited rough in accordance with the 
roughness of the surface of said ?rst thermal oxide 
?lm; 

thermally treating the surface of said second polysili 
con ?lm in an oxidation atmosphere at a tempera 
ture of 900° to 1,300” C., to form a second thermal 
oxide ?lm on the surface of said second polysilicon 
?lm, such that the surface of said second polysili 
con ?lm is ?attened and the surface of said second 
thermal oxide ?lm is roughened in accordance with 
the roughness of the surface of said second polysili 
con ?lm; 

forming a third polysilicon ?lm, as a third gate, on 
said second thermal oxide ?lm, such that a back 
surface portion of said third polysilicon ?lm having 
roughness corresponding to that of the surface of 
said second thermal oxide ?lm faces the surface of 
said second polysilicon ?lm; and 

wherein said ?rst to third polysilicon ?lms comprise 
polysilicon containing an impurity, and an impurity 
concentration thereof falls within the range of 
1X 1020 to 7X1020 atoms cm-3. 

10. A method according to claim 9, wherein the im 
purity concentration of said ?rst to third polysilicon 
?lms preferably falls within the range of 3X1020 to 
6 X 1020 ""4. 

11. A method according to claim 9, wherein the im 
purity contained in the polysilicon constituting said ?rst 
to third polysilicon ?lms is phosphorus. 

12. A method according to claim 9, wherein the im 
purity contained in the polysilicon constituting said ?rst 
to third polysilicon ?lms is arsenic. 

13. A method according to claim 9, wherein the steps 
of forming said ?rst to third polysilicon ?lms are 
achieved by means for growing polysilicon on said 
thermal oxide ?lms respectively in a low-temperature 
atmosphere. I I 

14. A method according to claim 13, wherein the 
temperature of the atmosphere for growth falls within 

- the range ‘of 550° to 650° C. 
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15. A method according to claim 14, wherein said 
?rst to third polysilicon ?lms are formed by a low-pres 
sure CVD method. 

16. A method according to claim 9, wherein the ther 
mal oxidation temperature preferably falls within the 
range of 1,000‘ to 1,200° C. 

17. A method according to claim 9, wherein said ?rst 
and second thermal oxide ?lms are formed by oxidatio 
in a dry oxygen atmosphere. ‘ 

18. A method according to claim 9, wherein said ?rst 
and second thermal oxide ?lms are formed by oxidation 
in an atmosphere of a dry oxygen gas containing chlo 
rme. 

19. A method of manufacturing a nonvolatile semi 
conductor memory apparatus capable of writing and 
erasing data, comprising the steps of: 

forming a ?rst polysilicon ?lm, as a ?rst gate, so that 
the surface thereof is rough, by depositing polysili 
con containing phosphorus as an impurity having a 
concentration of 1X 1020 to 7x1020 atoms/cm—3, 
on the surface of a semiconductor substrate by a 
low-pressure CVD method in a low temperature 
atmosphere falling within a range of 550° to 650° 
C.; 

thermally treating said ?rst polysilicon ?lm in an 
oxidation atmosphere of a dry oxygen gas at a 
temperature of 900° to 1,300° C., to form a ?rst 
thermal oxide ?lm on the surface of said ?rst 
polysilicon ?lm, such that the surface of said ?rst 
polysilicon ?lm is flattened and the surface of said 
?rst thermal oxide ?lm is roughened in accordance 
with the roughness of the surface of said ?rst 
polysilicon ?lm; 

forming a second polysilicon ?lm, as a second gate 
which functions as a ?oating gate, by depositing 
polysilicon containing phosphorus as an impurity 
having a concentration of 1X 1020 to 7X 1020 
atoms/cm*-’’, on at least a portion of the surface of 
said ?rst thermal oxide ?lm by a low-pressure 
CVD method in a low-temperature atmosphere 
falling within a range of 550° to 650° C., such that 
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a back surface portion of said second polysilicon 
?lm contacting said ?rst thermal oxide ?lm is 
roughened in accordance with the roughness of the 
surface of said ?rst thermal oxide ?lm and the sur 
face of said second polysilicon ?lm is roughened; 

thermally treating said second polysilicon ?lm in an 
oxidation atmosphere of a dry oxygen gas at a 
temperature of 900° to 1,300’ C., to form a second 
thermal oxide ?lm on the surface of said second 
polysilicon ?lm, such that the surface of said sec 
ond polysilicon ?lm is flattened and the surface of 
said second thermal oxide ?lm is roughened in 
‘accordance with the roughness of the surface of 
said second polysilicon ?lm; and 

forming a third polysilicon ?lm, as a third gate, by 
depositing polysilicon containing phosphorus as an 
impurity having a concentration of 1><l02o to 
7X 1020 atoms/cm-3, on said second thermal oxide 
?lm by a low-pressure CVD method in a low-tem 
perature temperature falling within a range of 550° 
to 650°, such that a back surface portion of said 
third polysilicon ?lm having roughness corre 
sponding to that of the surface of said second ther 
mal oxide ?lm faces the surface of said second 
polysilicon ?lm. 

20. A method according to claim 19, wherein the 
impurity concentration of said ?rst to third polysilicon 
?lms preferably falls within a range of 3X 1020 to 
6 X 1020 atoms/cm-3. 

21. A method according to claim 19, wherein the 
thermal oxidation temperature preferably falls within a 
range of l,0OO° to 1,200“ C. 

22. A method according to claim 19, wherein said 
?rst and second thermal oxide ?lms are formed by oxi 
dation in an atmosphere of a dry oxygen gas containing 
chlorine. 

23. A method according to claim 20, wherein the 
thermal oxidation temperature preferably falls within a 
range of 1000" to l200° C. 
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